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NUMERICAL PREDICTIONS OF RAILGUN PERFORMANCE INCLUDING THE EFFECTS OF ABLATION AND ARC DRAG

N. M. Schnurr, J. F. Kerrisk, and J. V. Parker

Abstract - Thermal radiation from plasma armatures
Tnrallguns may cause vaporization and partial ioni-
ration of the rail and insulator materials. This
causes an increase in mass of the arc, which has an
adverse effect on .rojectile velocity. Viscous drag
on the arc also has a deleterious effect, particu-
larly at high velocities. These loss mechanisms are
modeled in the Los Alamos Railgun Estimator code.

Simulations were performed and numerical results
were compared with experimental data for a wide ranqe
of tests performed at the Los Alamos and Lawrence
Livermore National Laboratories, the Ling Temcn
Vought Aerospace and Defense Company, and the Cenver
for Electromechanics at the University of Texas at
Austin. The effects of ablation and arc drag on
railgun performance are discussed. Parametric
stuvies {1lustrate the effects of some design parame-
ters on projectile velocity and launcher ctficicncy.
Some strategies for reducing the effects of ablation
are proposed.

INTRODUCT I ON

The performance of railguns depends on many
Tactors including the power supply, launcher design,
and mass ¢nd injection velocity of the projectile.
The Los Alamos Rallgun Estimator (LARGE), a railgun
system simulation code, was developed at the Los
Alamos Netional Laboratory to predict railgun per-
formance {1]. A typical railgun system that could
be analysed by this code i5 shown in Fig. 1. LARGE
calcurates rail currenl and projectile velocily and
position as functions of time from a description of
the power supoly and launcher [t can model a
capacitor bank, large inductarces in Lne power
supply, explnsiv2ly driven magnetic-flux compression
generators (MFCGs;, and various railgur confiqura-
tions such as square hore, round bore, staged
systems, and distributed systems, This code has
been used as A Jesign tool and as an afd in inter-
preting oxperimental resglts [2].
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An important recent addilion to LARGE is an
algorithm that attempls to more accurately predict
losses. Parker [3] has suggested that the most
significant loss in a typical railgun shot is caused
by ablation of the rails and insulator material. He
postulated that the extremely large radiant fluxes
from the arc cause evaporation and subsequent ioni-
2ation of niterial, which is then added to the arc.
This addi.iunal mass is also accelerated so that the
final projectile velocity is lower than in a rase
with no ablation. In addition, a draq force is
exerted on the plasma by the rails and insulator
material. The magnitude of this "arc-drag” force is
proportional to the arc mass and to the square of
the velocity. It therefore becomes significant when
ablation is large and is particularly important at
high velocities.

The development of a procedure that is capable
of analyzing all of the complex processes occurring
in a railgun and is computationally efficient cnough
to be used for parametric studies is a formidable
task. It is necessary to adopt a somewhat simplified
approach in some elements of the anajysis, most nota-
bly in modeling che behavior of the arc. A complete
description would yuequire a three-dimensional tran-
sient solution of the conservation of mass, enerqy,
momentum, Maxwell's equations, and several auxiliary
relations. The cquations are highiy nonlinear
because of the radiation effects and the jonization
cquations. McNab [4] carried out an analysis
neglecting spatial variations of temperature and
pressure that gave reasonable estimates of the prop-
erties of the arc, More recently, Powel) and Batteh
extended that aralysis to include axial varifations
[5) and later Lransverse variations [6] of thermo-
dynamic and electrical properties of the arc for a
railgun of rectangular cross section. They did not
cons ider mass changes caused by ablation and arc
drag.  Our approach was to neqlect spatial varfations
of arc properties so that such values as arc tempera
ture, deqree of fonfzation, etc., are regarded as
average values.,

the effect of these simplifying assumpt fons on
the accuracy of projectile velocity prodictiony iy
difEteall Yo asness, Dur apprroach was to perform
simtlattons of a wide range of ratlgun experiment .
that were vun at Los Altamos, | ivermore, 'ing Temon
Vought, and At the University of Texar, A com
parison of expertmental resolts with numertcal pre
dictions wan used o avsess the accuracy of the
shmutations,

thiv paper desorihes the ablation and are deag
mode ds in the [ARGEL code and presenlts an estimate of
the accuracy of the code based on a compar ison of
the numerical results with the sxperimental data,
the effecty of these loss mochanismy on rallqun
performance are discunvsed and some measures that may
alleviate the effects of these loss mechanysms are
moaposed,

THE T ARG coi

Prodiction of raflgun performance v a combined olec
trical, thormal, and aechantcal probiem, The ratiqun
roprosents an electrical load whose properties vary
with projectile position, ALl ratl fnductances and
rosistances in LARGE are calculated from a physical



description of the rails. A calculated rail induc-
tance gradient (high-frequency limit) is used to
determine the force of the armature on the projec-
tile [7]. Also included are estimates of how current
diffusion changes rail inductance and resistance with
time [8]. A detailed calculation of the arc voltage
was nat attempted. Instead, an empirical model re-
lating arc voltage to current was developed based on
experimental data obtained from a variety of experi-
ments.

The calculation of current requires the simul-
taneous solution of N equations of the form

t
d(LT)/dt + R] *+ 1/C [ ldt = Ey , (1)
0

where N is the number of stages, t is time, I if
ceeoent, L is the total induciance, R is total resis-
tance {including that of the arc), C is bank capaci-
tance, and Eg 1s the initial capacitor voltage.

The equations are solved numerically using Culer's
method.

The current is then used in the thermal analysis
of the »=mature {arc) and in the calculation of the
ac celerating force on the projectile.

CONSERVATION NF ENERGY AND MASS

The armature is initially assumed to he a solid
material of specified resistance, which, tor norma:
arc-driven projectiles, is the fuse. The flow of
current through the arinature causes Joule heating
and a resulting increase in temperature. The arma-
ture temperature is computed at cach time step,
neglecting energy losses, In the care of a solid
armature, the resistance is small enough tu preclude
melting of the armature. For cases where a plasma
armature is desired, the resistance of the armature
(fuse) is large enough to cause melting and vapori -
zation, usually within a few microseconds. The
resulting mass of fuse materfal forms the arc that
{s treated in subsequent calculations.

The LARGE cude uses an oxplicit marching
procedure so that parameters ralculated at the end
of a time step, t * At, are based on condilions at
time t.  For Lhe arc considered as a control volume,

"("'l"i)l ’ ()

where | and ¥V are arc current and voltage drop, my
and ey are the mass and specific energy of the ith
chemical species, and Qg s the radiaisl energy
leaving tne arc in the time At,  The radiant enerqy
may be divided into two parts: p, which reprosents
energy conducted into the solfd matertaly (ratl and
tnsulator) sureounding the arc; and Tamgoy f, the
enercey that qoes into vanorizing mass, whPe vy, i I\
Lthe spocific vaporization enerqy and amy s the'mas
of the f1th species evaporated and added to the ard
during the time at. lquetion (7) may then he re-
witten in the torm

VAt *rampey 4o g @ Limpeg) o

tvat = O * a(mpeqdyoar o (mpegdy (3)

hadiation flux rrom Lhe suriace of a semt iInfinfte
hody of high Lemperature gas al antform teoperature
Is given by

q-atd {4)

where § is the Stefan-Boltzmann constant and T is the
plasme temperature [9]). For the range of tempera-
tures of interest here (t > 10 000 K?. the mean free
path for radiation is much smaller than the charac-
teristic cross-strear dimension of the railgun [5].
We therefore use (3) ta calculate the radiant energy
flux from the arc.

A partitioning of arc radiation into energy
absorbed by the coppor rails and into energy that
vapnrizes rai| material was estimated by 10plying a
one-dimensional transient code that included the
effects of phase change, The partitioning is a
function of the surface heat flux (arr temperatu-e),
and the resident time of the arc comnuted from the
arc length and velucity, Results of the analysis
were curve-fitted and incorporated in the LARGE code.
These analyses indicate that there is some threshold
velocity, typically on the order of & km/s, above
which ahlation of the coprer ceases. Insulator ma-
terials typically have thermal! conductivities two
orders of magnitude lower than tncse of copper. All
radiant enerqy absorbed by those materials is assumed
to cause ablation,

The specific energy of the arc is computed as a
function of tcmperature ano pressure, assuming that
all chemical species are completely dissociated and
that the atoms arc, at most, doubly fonizec. The
degree of ionization for cach constituent is computed
using Saha's equations for both single and double
ionization based on the arc temperature and the
partia. pr ssure of that constituent. Additional
details for this procedure are given in ref. [10].

The arc temperature ot each time step is calcu-
lated by a trial and error procedure. The radiation
from the arc ls estimated based on the temperature
at the previous time step, and tho energy partition-
ing algorithm is used to ralcu’atr the mass of vapor-
fzed rail and 1asulator material. A new ar: tempera-
ture is assumed and the specific energles of all arc
constituents arc computed using specific heats and
fonfzation levels calculated from Taha's equations.
Additional aterations are porformed until () is
satisfiled.

CONGERVATION 0FF MOMENTUM

The conservation of momentum, including the
eftects of abYat lon and are drace, taces Lhe form

12 1017 Ly o= m{du/at) » n{dm/dr) (")
where 14 fs Lthe dnductance gradient of the rafls, 1,
is the drag Torce on the arc, U 4w the projestile
velocity, and m - My my i the combined mass of

the project ile and arc,  The deag toree S5 computad
f rom

Ly l(mﬂ/?nu)“r R (6)

where Oyt the hydraulic diameter ot the baree) and
the friction factor is computed from

t 0, 1n4/kel7 ()

The Reynolde. number, Re, ¢ besed on the bairal's
hydraulic diameter and eostimated values of plasma
properties at the ire temperature. 1t should be
noted that frr any jiven currsnt aod projectile mass,
there {1l be some -rloc'ty o0 which the effect of
ablation (U dm/dt) and arc drag, 14, will he equal
and opposite to the pronulsive force, This rapre.
sonts the maxtmum velocity condit fon, Ablatton



occurring after this condition has been reached will
cause the projectile to separate from the arc.

STRESS CALCULATIONS

Railgun performance is froquently limited by
structural considerations. Structural calculations
are performed at Los Alamos 1sing NIKE2D [11]. The
loading functions used as input to that code are
ralculated using LARGE. The rail force /per unit
length) tending to force the rai's apart is

FR = 1/2(dL'/dS)12 (8)

where S 1s the spacing between the rails. The de-
rivative of the inductance gradient with respect to
spacing is calculated by a separate analysis using a
variation of the code descrited in ref. [7]. An
aliditional force on the rails and cn the insulator
material 1s caused by the arc pressure. This pres-
sure 1s most easily computed by applying Newton's
law to the projectile to determine Lhe pressure at
the arc/projectile interface.

COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS

Experimental data nave been ob.ajned from several
sources covering a wide range of conditions. Speci-
fications for these tests are given {a Table I. The
values of rail inductance gradient were computed
using the field and current calculatizn methods of
ref. [7] for cases where those date were not
available.

Results of the numerical simulations are given
in Table I1. The parameters Up and Uy represent
the experimentally measured and numerizally calcu-
vated projectile exit velocities. Simulations were
also performed for each case with the ablation aad
arc drag calculations su;pressed. Thas fdeal
velocities, Uy, are also given in Table I,

The comparison between numerical predictions and
experimental results is generally quite aqood, It
shovld be roted, however, that for cases where the
losses in the launcher are small, a nurerical model
using some type of projectile friction loss mocha-
nism, rethor than the ablation and arc-drag moudel,
would give cqually good agreement. We Liweretore
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TABLE II
COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

Test Ue UN U' HH:EE
No «m/9? kmi)®  kms)© Ye
| maInd  mem?  (aand -0.07
2 4.3 4.8 5.7 0.12
3 3.5 4.2 5.6 0.20
4 a.1 4.0 5.4 -0.02
5 5.1 4.1 5.8 -0.23
6 5.2 4.0 5.8 -0.23
7 5.9 5.1 8.6 -0.08
8 6.6 6.8 1. 0.03
9 2.9 3.2 a.s 0.10
10 5.1 4.8 5.9 ~0.06
N 1.0 0.9 N/A® -0.10
12 B.2 8.4 40.3 0 02
13 8.9 9.3 40.3 0.04
14 n. 10.9 40.3 -0.02

‘Ue = experinental measured velocity

bUN = numerizally caiculated velocity
€u, - tdeal selocity

dT|me to rea:h x-ray camera locatlon
€confined syitem, plug at treech

selected ¢ few specific experiments that give some
insight into the ablation and arc drag mechanisms
for a more detailed examination,

In Test No. 9 the losses were relatively larqe,
The diagnostics for this test were extensive so Lhat
detatled comparisons of numeric.) prediclions with
experimental data are possible, Magnetic probes were
used at nine locatiuns along the barrel Lo measure
currents and dotermine projectile position as a
function of time A wire switch wus used to measure
the exit veloeaty,

Measured and predicted corrent protiles are
shown In Fig. 7. The curvent measured at the breech
reaches a peak of slightly more than 200 kA and then
decreases stowly,  The currenl measured al x - 0.6 m
reaches a shinllar Tevel but drops of £ more sharply,
At x = 1.3 m, the measured current is significantly
lower than the corresponding breech carrent indf -
cat ing that a restrike arc has formed behind the
plasma armatwre,. AL x = 1,98 m, only a small portion
of the current measured at the breech rematnsg In the
plasima armazure and i offective in arenlerating the
projectil.  ANlso shown In Fig, ¢ Is the current
profite predicled by the LARGE code based on specitt .
tattons of Lhe capacitances, inductances, and resis
tances of the power supplios and the locat fon and
timing ot the stages.

Numerical preodictiony of the velecity profile are
qgiven in Fig. 0. The base case Is the calculation
usln? the current profile computed from the power
supply dats. The LARGL code also has the oplion of
using experimontally measured current profiles to
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predict projectile velocitices., The results of a
sinulation using the measured hreech current qives a
somewhat lower final velocity, If the "effective"
current profile {s used, agreement with the measured
projectile velocity is excellen®.

The restrike or arc-splitting phenomenon that
occurs in some experiments s not currently predicted

by the LARCE code. That condition seems to occur
when the code predicts an elongated arc and arc¢ drag
forces comparable in magnitude to the accelerating
force.

An additional simulation was perfcormed that did
not include the effects of dblation (Fig. 3, Curve 4).
The predicted velocity for that rase was more than
50% higher than the measured value. The inclusion
of various types of projertile friction models in
that simulation still gave velocities that were sig-
nificantly Figher than the measured value. These
results give some confidencc that the ablation and
arc drag algorithms used in the LARGE code accu-
rately represent the actual physical prccess.

An interesting aspect of ablation is the effect
of insulator material on performance. The code
predicts lower ablation rates {and better railgun
performance) for low molecular weight materials
because they have higher specific ablation energies
(J/kg). A series of tests have been performed at
Los Alamos (Test Nos. 12-14) that were a direct
verification of this concept. Free arcs were
acceierated to very high velocities in a 1.83-m gun
using idvntical conditions except for the insulator
material. An approximate simulation of these tests
was done by specifying a projectile mass equal to
the mass of air initially in the launcher volume at
the test condition of 10 torr, Although the extreme-
ly good agreement between numerical predictions and
experimental results (Table I1) may be somewhat
fortuitous, the differences in velocities caused by
different insulator materials is very strong evidence
that ablation of insulator materials is a significant
factor. The relative values of velocity for the
three materiais are in cxcellent agreement with nu-
merical predictions. A simulation of this test,
neglecting ablation, gave a predicted velocity of
10 km/s.

The effects of ablation and arc drug on railgun
performance at extremely high velocities are of
particular interest. The arc draq increcases as the
square of the velocity and may dictate the maximum
achievable velocity for a given current. Unfortu-
nately, very li‘tle data are available above 6 km/s.
The nighest velocity results avallable are from Test
No. 1. This test, performed at Los Alamos in 1981,
used an explosively driven maqgnetic flux compression
gqenerator to produce currents of rearly 1 MAL Un-
fortunately, the only diagnostics that produced
usable results were a magrietic probe that measured
the breech voltage and an x-ray camera 4 m downsiriam
from the muzzle that yielded a time for the projer .
Lile Lo reach that location., The numericaf predi -
tion shown in Table I was hascd on a model of Lhe
power supply and the magnetic flux compression
generator, It gave a slignily higher cur-ent vs
time curve Lthan was obtained from Lhe exp -rimental
values,  An additional simulation, using the experd
mental values of current vs time, predictad that it
would take 13%0 us for the projectile to reach the
x-ray camera, a value 20% higher than the measured
value, This indicates that (he effects of ablation,
and particularly arc draq, may be overpredicted for
high-velocity cases. More high velocity experimental
data are needed before a more defintte conclusion
can he reached.

PARAMETRIC STUDIES
The large number of design varfables that atfect

rafligun performance preclude a compriehensive para-
metric study. Some limited studies have been carried



ut, however, to illustrate the effects of a few
arameters on performance, The effect of insulator
aterial is 1llustrated by the results of the calcu-
ations simulating Test Nos. 12-13 in Table I. A
eries of runs wis also made to assess the effects
f some power supply parareters on projectile
‘elocity and launcher efficiency (the ratio of pro-
ectile kinetic energy to energv delivered to ihe
‘alls). These calculations were performed for a
-cm-square-bore launcher with Lexan insulators, a
.5-g projectile injected at 1 km/s, and a single-
tage, 50-mF capacitor bank. The length of the rails
or all cases {s the lencth at which maximum projec-
ile velocity is attained.

The effect of rise time of the current is shown
n Fig. 4. The resistance of the power supply is
ssumed negligible, and the inductance and initijal
apacitor voltage are adjusted to give the desired
alues of rise time and maximum current. Notc that
n cotimum occurs for a rise time of about 200 us.
maller values cause too rapid a drop-off after the
eak. Larger values allow too mucn time for ablation
efore the maximum acceleration is reached.

The effect of maximum current is shown in Fig. 5.
. rise time of 200 us is selected and the initial
apacitor bank voltage is adjusted to provide the
lesired peak current. Thr effe..s of ablation and
irc drag are clearly 1llustrated in a comparison of
he results computed with and without these effects
ncluded. Although projectile velocity continues to
ncrease with increasing peak current, the launcher
fficiency ~eaches a maximum at about 300 kA. A
launcher designed to maximize projectile velocity
iould use the highest possible peak current concis-
.ent with the structural limitations of the launcher.
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“19. 4. The effect of rise time on raylgun per
formance.

It should be emphasized that the results siown
in Figs. 4 and 5 are for one specific set of design
conditions. They are presented only as an illustra-
tion of the effects of some specific design param-
eters and are not intended {'or general use in design-
ing rai'jun systems.

CONCLUSIONS AND RECOMMENDATIONS

A series of simulations were performed and the
results were compared to experimental data as a test
of the accuracy of the LARGE code. The results {ndi-
cate that the code is relatively accurate and that
effects of ablation and arc drag may be significant
and even dominant for some railguns. There is some
indication that the effects of arc drag may be cver-
predicted at very nigh velocities. The assumption
use¢ in the code, that all ablated material will be
jonized and entrained in the arc, may be overly
conservative. Nevertheless, there is little doubt
that ablation is an important loss mechanism in
arc-driven railguns,

Several design strategies are available that may
significantly reduce the effects of ablation. The
most obvious is the selection of insulator material.
Low-molecular-weight materials are preferable. If
these materials lack the desired structural proper-
ties, they may be used as a coating on stronger
materials. Accelerating the prujectile at the maxi-
mum possible rate, consistent with structural con-
straints, is also beneficial. The higher radiant
*lux from the arc caused by higher curren.s 1s more
than offset by the shorter residence time. Injecting
at high velocities reduces (or in some cases elimi-
nates) ablation from the rail but has a much smaller
effect on ablation of the insulator material, Some
technique may be possible for venting a portion of
the arc, increasing its conductivity (hence reducing
Joule hea“ing) by seeding with some material, or
reducing fonized arc mass by adding a material that
quenches 1onization. Such techniques are still in
the speculative stage.
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Fig. 5. The effect of maximum current on ratlgun
performance,
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